ABSTRACT: Changes in net area of tropical forest are the sum of several processes: deforestation, regeneration of previously deforested areas, and the changing spatial location of the forest-savanna boundary. The authors conducted a long-term ), whereas ,0.4% of the image showed a significant decrease in either period. The largest changes were in the lower canopy cover classes: the area with ,0.2 m 2 m 22 CAI decreased by 43% in 20 years. One cause may be a recent reduction in fire frequency, as documented by Along Track Scanning Radiometer-2/Advanced ATSR (ATSR-2/AATSR) data on fire frequency over the study area from 1996 to 2006. The authors suggest this is due to a reduction in human pressure caused by urbanization, as rainfall did not alter significantly over the study period. An alternative hypothesis is that increasing atmospheric CO 2 concentrations are altering the competitive balance between grasses and trees. These data add to a growing weight of evidence that forest encroachment into savanna is an important process, occurring in forestsavanna boundary regions across tropical Africa.
Introduction
It has long been appreciated that the woody cover of large areas of tropical Africa has undergone rapid changes in the recent past, with forest having retreated to a small fraction of its present area because of an arid period from circa 4000 to 1300 years before present, and having expanded to its present extent by around 900 years before present despite increasing human pressure (Maley 1996; Salzmann and Hoelzmann 2005) . Many factors interact to control the woody cover of an area, including rainfall, soil characteristics, seasonality, temperature, and the level and history of disturbance (Sankaran et al. 2005; Bucini and Hanan 2007) . The majority of the woody savannas of Africa would, in the absence of disturbance, become forest: Sankaran et al. (Sankaran et al. 2005) show that if mean annual precipitation (MAP) is greater than 650 mm, then only disturbance (fire, herbivory, timber extraction) prevents canopy closure. This has been confirmed by the observation of rapid woody encroachment in long-term fire exclusion experiments in Ghana (Swaine et al. 1992) , Burkina Faso (Menaut 1977) , and Ivory Coast (Vauttoux 1976) .
Assessing the dynamics of the tropical forest-savanna boundary is important, as change will have large influences on people, ecosystems, and human populations. Changes in tree cover in the wide ecotone between rain forest and dry savannas in Africa depend on the relative strengths of many processes, the most important of which are forest clearance for agriculture and pasture, forest degradation for timber and fuel, changes in fire frequency, and climate change (which includes increasing atmospheric CO 2 concentrations, increasing air temperature, and changes in precipitation; Malhi and Wright 2004) . Climate change excepted, increased human presence increases the first three of these, reducing the tree cover of an area, whereas reduced human impact will result in a reduction in these factors, and both an expansion of forest into savannas and a general increase in the woody cover of those savannas (Bucini and Hanan 2007) . The importance of fire frequency cannot be overstated here: almost all fires in African savannas are anthropogenic in origin, and given the ability of fires to spread widely from where they are set they have the potential to influence the vegetation across large areas, even far from human settlements (Favier et al. 2004 ). The impact of anthropogenic climate change on these ecosystems is still uncertain: although increasing temperatures are likely to reduce the competitiveness of trees over C4 grasses, increasing CO 2 concentrations do the reverse, reducing the advantage C4 grasses have over C3 trees (Lloyd and Farquhar 2008) . Increased atmospheric CO 2 concentrations have also been hypothesized to lead to increased success of trees in savannas because of a reduced transpiration rate leading to increased water percolation and reduced seedling mortality (Polley et al. 1997) , and by increasing the ability of saplings to resprout successfully following fire damage, thus making it more likely that they will escape the flame zone (Bond and Midgley 2000) . While it is appreciated that increased rainfall would over the long term increase tree cover, provided the effect is not negated by increasing temperature (Hély et al. 2006 ), significant uncertainties exist as to the long-term precipitation trends in the region (Bernstein et al. 2007 ). These uncertainties are exacerbated by the fact that changes in vegetation in this sensitive region will result in strong feedbacks with climate (Zeng and Neelin 2000) .
There is a large body of evidence that woody encroachment (involving both trees and shrubs) into semiarid savannas and grasslands is occurring (Archer et al. 2001; Eamus and Palmer 2007) ; Archer et al. (Archer et al. 2001) found 28 studies showing increases in woody vegetation in Africa and 202 studies finding such changes worldwide. There are fewer studies finding such an increase in tropical savannas, but some do exist: for example in northern Australia (Hopkins et al. 1996; Bowman et al. 2001; Russell-Smith et al. 2004; Brook and Bowman 2006) , the Western Ghats of India (Puyravaud et al. 2003) , and South America Durigan and Ratter 2006; Marimon et al. 2006; Roitman et al. 2008 ). In Africa just four studies showing increasing tree cover in tropical rain forestsavanna boundary regions have been reported. Boulvert (Boulvert 1990 ) drew on anecdotal evidence to suggest that woody expansion was occurring in the forestsavanna ecotones of central Africa because of the urbanization of the population but provided little concrete evidence. Happi (Happi 1998 ) compared a highresolution aerial photograph from 1950 with Landsat thematic mapper (TM) data from 1990 to find gallery forest encroachment into surrounding savannas at a rate of 0.6-2 m yr 21 in central Cameroon. Guillet et al. (Guillet et al. 2001 ) used field studies and soil carbon isotopes ( 13 C/ 12 C, 14 C) along two transects in eastern Cameroon to show both significant expansion of the forest and that increased woody cover of the savanna has occurred over the past century. Nangendo et al. (Nangendo et al. 2005 ) used a combination of field studies and vegetation indexbased satellite change detection to find a 14% increase in woody vegetation over a 14-yr period in the woodlands of the Budongo Forest Reserve, Uganda. However, all the African studies are small in scale and reliant on detailed local field data for success, and as such their methods are not easily applicable to a larger spatial scale, which is necessary to assess whether this forest encroachment is indeed widespread. No studies showing the opposite process, woody regression, were found for Africa apart from in areas where there has been an increase in anthropogenic activity, for example, around cities and in areas of agricultural encroachment.
Mapping woody cover from remote sensing data can follow a wide range of different methods. Manual interpretation is best suited to hyperspatial satellite data and aerial photographs (Couteron et al. 2001; Xiao and Moody 2005) . Classificationbased methodologies can be effective (Sedano et al. 2005; Su et al. 2007 ), but the imposition of artificial classes can result in a tendency toward subjectivity and lead to an overestimation of dominant classes and underestimation of rare classes (e.g., Couteron et al. 2001 ) and was thought especially unsuitable for this study as finding changes in woody cover within a class (e.g., woody savanna) is not possible. Empirical regressions between vegetation indices or red reflectance can be successful, often finding very strong relationships (Leprieur et al. 2000; Lu et al. 2003; Ferreira et al. 2004; Ferreira and Huete 2004) , though problems of soil reflectance (Chen et al. 1998; Leprieur et al. 2000) and the influence of the herbaceous vegetation (Fuller et al. 1997; Qin and Gerstl 2000) must be considered. More sophisticated techniques that can consider more bands-for example, spectral mixture analysis or neural networks, or metrics that include image texture in addition to spectral information-are becoming increasingly accepted; they are, however, very sensitive to differing environmental conditions, sensor type and calibration, solar-target geometry, and atmospheric conditions, and as such are not appropriate for change detection unless there are good ground data for all dates (Coppin et al. 2004; Lu et al. 2004; Lu 2006) .
Numerous techniques have been developed for bitemporal change detection, but they can be broadly classed into three categories: postclassification comparisons, image differencing/ratioing, and more sophisticated multiband algorithms (such as change vector analysis or cross-calibration analysis) (Coppin et al. 2004; Lu et al. 2004 ). Which methodology is chosen depends on the environment being analyzed and the types of data being used: remotely sensed or ground data. In general, when changes in clear categories of land cover are being assessed, classification-based methodologies are appropriate; where the variable being assessed is relatively simple and different sensors or exact atmospheric correction is not possible, image differencing is preferred; and where identical sensors are used and good atmospheric and field data are available, more sophisticated change algorithms may be appropriate, though in most cases they do not give superior results to image differencing-based methodologies (Coppin et al. 2004) .
In this paper we examine changes in woody cover in a large study area in central Cameroon. The normalized difference vegetation index (NDVI) derived from Landsat and Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) remote sensing platforms is used in combination with field studies, coarse spatial resolution data [Advanced Very High Resolution Radiometer (AVHRR)], and very high spatial resolution satellite imagery (Quickbird) to identify and characterize with great confidence the changes in woody cover from 1986 to 2006. The methods presented here, because of their relative simplicity and the ready availability of historical NDVI data, allow the possibility of scaling up to a regional level using coarser-resolution data.
Study area
The study area is a 5400 km 2 region in central Cameroon, centered on 6819220N, 128489400E, and encompasses the northern two-thirds of the Mbam Djerem National Park and the area to the north of the park, including the town of Tibati and Lake Mbakauo. This region was chosen as it includes a complete range of regional vegetation types, from forest in the south contiguous with the Congo basin rain forest belt, through a forest-savanna matrix in the north of the park, to savanna with narrow gallery forests in the north of the study area (see Figure 1) . It experiences an annual rainfall of 1650 mm, with a pronounced dry season (average 4 mm month
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) from December to March [Climatic Research Unit (CRU) TS 2.1 dataset (Mitchell and Jones 2005) and Tropical Rainfall Measuring Mission (TRMM) 3B43 V6 satellite data (Kummerow et al. 2001)] . The human population of the southern part of the study area is very small and has decreased over the study period because of the formation first of the Reserve de . The population density in the northern half of the study area is higher but still low, with the only major population center being the town of Tibati, which has increased in population by almost 90% over the study period, from 15 522 in the 1987 census to an estimated 28 981 by (CIESIN 2004 . Small-scale agriculture occurs around settlements, and there is a limited amount of nomadic cattle herding passing through the area; local people believe this has decreased significantly over the past 20-30 years. Significant levels of fishing occur within the park, though there are attempts to reduce this (Ministère des Forêts et de la Faune 2007), and also occur in all the rivers and lakes in the study area.
Methods

Field data
The study area was visited October-December 2007 as part of the Tropical Biomes in Transition field campaign (TROBIT; www.geog.leeds.ac.uk/groups/ trobit/). Eight transects 20 m wide and 100-200 m long were set up and positioned in three different areas near the Djerem River in the north to middle of the Mbam Djerem National Park (see Figure 1) . Seven of these transects ran from forest to savanna, with one entirely in forest. All trees with a diameter at 1.3 m [diameter at breast height (DBH)] greater than 5 cm had their diameter, height, canopy dimensions (distance from trunk to outermost leaf measured for all four compass points), and species identity recorded. A total of 1009 trees, representing 79 species from 33 families, were measured (see appendix A for species list). Each tree was located using a handheld differential GPS (Trimble GeoHX, Trimble, United States); these positions were later corrected using data from the Scripps Orbit and Permanent Array Center (SOPAC) N'Koltang ground station in Libreville, Gabon, using the H-Star differential correction facility in the software GPS Pathfinder Office 3.10 (Trimble, United States), resulting in accuracies of ,0.5 m in the horizontal direction and ,1 m in the vertical dimension. The transects were divided into 30-m sections, and the canopy dimensions used to calculate the vertically projected canopy area for each region of the transects (an elliptic canopy shape was assumed), which we named the canopy area index (CAI). The changes in species composition in the different portions of the eight transects are detailed in appendix A.
Remote sensing data
A Landsat TM image captured on 30 December 1986 and a Landsat Enhanced TM Plus (ETM1) image captured on 12 December 2000, both for path 156 row 56, were downloaded from the Global Land Cover Facility. Both were provided at a pixel size of 28.5 m. Two ASTER scenes, between them covering almost the whole study area, captured 4 December 2006, were acquired from the National Aeronautics and Space Administration (NASA) Land Processes Distributed Active Archive Center. Of the ASTER scene only the visible and near-infrared bands were used in further analysis, which were provided at a 15-m pixel size. Two 0.6-mresolution Quickbird images were acquired from Eurimage covering all the field sites, by a combination of a 12 3 8 km archive image from 19 February 2004 covering the northern field sites, and a 10 3 10 km new acquisition, captured 23 January 2008, covering the southern field sites.
To remove atmospheric effects from the TM, ETM1, and ASTER data, atmospheric correction was performed using atmospheric/topographic correction software package (ATCOR)-2 (ReSe, Switzerland). This model used the postlaunch offsets and gains and a tropical atmospheric model to produce reflectance images. The software package ENVI (ITT, United States) was used for all subsequent remote sensing analysis. The two ASTER scenes were mosaicked together, and visual analysis of the join showed it to be seamless. No sharp changes in the reflectance values of any bands were apparent in 20 transects placed across the join of the two images, so no further correction of the individual scenes was considered necessary. This outcome was expected given that the scenes were captured with the same sensor within 10 s of each other.
The 60 3 90 km study area was subsetted from the 2000 ETM1 image, and the 1986 TM image was georeferenced to this using a network of 40 visually selected ground control points taken from features such as road junctions, islands, small clumps of trees, and branching points of gallery forests, with a resulting root-meansquare error (RMSE) of 0.37 pixels (10.5 m). Similarly the 2006 ASTER mosaic was georeferenced to the 2000 ETM1 image, with a network of 38 ground control points resulting in an RMSE of 0.35 pixels (10 m). The ASTER image was subsequently resampled to 28.5-m pixels using the pixel aggregate method.
Given the difficulties of calibrating images captured by different sensors under different unknown atmospheric conditions, we decided to analyze the changes using normalized univariate image differencing, implemented on cross-calibrated (Mayaux et al. 2004) showing the location of the study area within Cameroon, with the three satellite images compared in this study: Landsat TM from 1986, Landsat ! vegetation indices. Univariate image differencing essentially subtracts one date of imagery from another date and is often chosen as the preferred change detection approach for tropical environments (Coppin et al. 2004; Lu et al. 2004) , with Coppin et al. (Coppin et al. 2004 ) stating in their conclusions summary that ''image differencing and linear transformations appear to perform generally better than other bitemporal change detection methods.'' More sophisticated change detection techniques were thought to be unsuitable for this analysis, as the sensor used at each time point is different, and absolute atmospheric correction of the earlier scenes is not possible. Using vegetation indices, which are in effect a ratio between two spectral bands, reduces the errors inherent in univariate change detection analyses because ratios between bands are affected to a smaller degree by different atmospheric conditions and different sensor characteristics than raw reflectance values (Coppin et al. 2004; Pettorelli et al. 2005) . These indices are developed from the red and near-infrared bands, and their response to vegetation cover is widely acknowledged (e.g., Huete et al. 2002) . The visible red wavelengths are absorbed by chlorophyll in vegetation, and near-infrared wavelengths are strongly reflected by the plant cuticle and cell wall, giving higher values for vegetation than for nonvegetated surfaces. As all three images were captured in the early dry season, when the grass layer is dead and dry, containing no chlorophyll, but leaves are still present on most trees, it is to be expected that the value of a vegetation index in a pixel will correspond directly to the CAI of that pixel (Fuller et al. 1997; Qin and Gerstl 2000; Archibald and Scholes 2007) . Vegetation indices have been shown to be strongly related to woody cover in savanna environments on a number of occasions (e.g., Lu et al. 2003; Ferreira et al. 2004; Ferreira and Huete 2004 ). Typical problems with using these indices, such as topography and soil reflectance, were minimized in this study as the study area has little relief and is not large enough to have much heterogeneity in the CAI to vegetation index relationship.
We investigated the use of three vegetation indices: the NDVI, the modified soil adjusted vegetation index (MSAVI) (Qi et al. 1994) , and the enhanced vegetation index (EVI) . The EVI, though it appeared to be very sensitive to vegetation and as such was good for comparing the two Landsat scenes, was abandoned because of the necessity of a blue band (450-515 nm), which is not present in ASTER data. MSAVI, designed to minimize the influence of soil reflectance, produced a small dynamic range for this ecosystem, and though it did differentiate forest from savanna well, it was less successful than NDVI. NDVI was therefore the vegetation index chosen for all subsequent analysis. Its formula is
where b n is the near-infrared band (750-900 nm) and b r is the red band (630-690 nm). The NDVIs from the 1986 TM and 2006 ASTER images were then calibrated to the 2000 ETM1 image using linear regression models derived from 25 known invariant targets (i.e., their land-cover type and appearance did not change in any of the three images). These targets were drawn from water bodies, grasslands, and dense tropical forest [1986 [ -2000 Figure  2 ]. This process should have removed most remaining calibration problems between the different sensors and atmospheres, and it is as successful as absolute radiative correction (Songh et al. 2001; Coppin et al. 2004) , which is not possible here because of the lack of accurate atmospheric data for the 1986 image.
To test that NDVI is correlated with woody cover, the NDVI values extracted from the ASTER 2006 pixels covering each 30-m section of the eight transects were regressed against the CAI measured in situ (defined as m 2 canopy divided by m 2 ground area). A different georeferencing was used here, involving two 10 3 10 km sections taken from the 15-m adjusted-NDVI ASTER image and performing a very detailed tie-point matching process with the ground control point-corrected Quickbird data (which is estimated to be geocorrected to ,2 m). RMSE values were always less than 0.3 ASTER pixels (,4.5 m), based on at least 50 tie points, so it is possible to be very confident that the NDVI values extracted correspond to the portions of the transects measured on the ground.
To examine whether precipitation was similar during November-December 1986, 2000, and 2006, a combination of the weather station and modeling-derived CRU TS 2.1 dataset (1901 -2002 Mitchell and Jones 2005) and the TRMM Microwave Imager (TMI) 3B43 V6 satellite data (1998 Kummerow et al. 2001) were used to estimate the rainfall in these months. The monthly precipitation data at a 0.58 resolution were used in both cases, making these two data sources readily comparable. These datasets were also analyzed for long-term rainfall and temperature trends over the study area .
To confirm that trends observed at individual time slices are representative of a genuine trend and not merely caused by problems with calibration or different environmental conditions, NDVI values from the Global Inventory Modeling and Mapping Studies (GIMMS) AVHRR 8-km dataset Tucker et al. 2005) were extracted over the study area. These data were examined for trends in the annual average NDVI as well as the annual average NDVIs for the dry and wet seasons. As fire frequency is considered an important factor in controlling woody cover, an estimate of the changes in fire frequency over the study area was also desirable. No data of sufficient sensitivity exist for the whole study period (AVHRR fire data detected just six hot spots in the study area from 1986 to 2006), so data were acquired from the Along Track Scanning Radiometer-2 and Advanced ATSR (ATSR-2/AATSR) World Fire Atlas from 1996 to 2006. Fires detected from within the study area were extracted and the number of fires counted for each year. This thermal anomaly dataset is known to be accurate, having very good geolocation and low commission errors (Arino et al. 2005; George et al. 2006 ), but it is also acknowledged that it underestimates the total fire number because of both a lack of sensitivity to low-intensity fires and the nighttime detection missing daytime fires. However, this is not of concern here, as we are interested in the trend in fire frequency, not the absolute rate of fire occurrence.
Change detection
Image comparisons were performed between 1986 and 2000 and 2000 and 2006. However, before any comparisons, water bodies and urban areas were masked from all images by excluding any pixels with a negative NDVI. A proportion of savanna areas were clearly burn scars and found to have an NDVI between 0.05 and 0.16. Leaving these areas in the analysis with their raw NDVI values would bias the analysis, as the same area changing from burnt grassland to unburnt grassland would appear to have increased in woody cover, whereas in fact no change would have occurred. Rather than exclude these areas from the analysis, which would reduce the area available to detect changes, the value of all unmasked pixels with an NDVI , 0.2 was adjusted to 0.2. This in effect converted all the burnt areas in the images to areas with the same NDVI as savanna with a CAI of 0-0.2 m 2 m 22 , as it is assumed that areas that burn in this way, early in the dry season, will have a low CAI (Lambin et al. 2003; Felderhof and Gillieson 2006) . The validity of this procedure was confirmed by the observation that the majority of burnt patches in the 1986 image have similar NDVI values to their surrounding, unburnt, areas after this procedure is applied. To confirm that this procedure is not driving the observed results, an identical analysis was performed without this process, instead using a supervised classification to remove all the burnt areas (see appendix B).
Rather than comparing the simple differences in NDVI between the various time points [as recommended by Singh (Singh 1989 ) and used by, e.g., Nangendo et al. (Nangendo et al. 2005 )], we decided to normalize the changes by comparing the difference ratioed by the sum of the pixels, as this further increases confidence in the results of vegetation index differencing change detection (Coppin et al. 2004) . This is because difference values of the same absolute magnitude vary in significance depending on the size of the original NDVI values: an increase from 0.25 to 0.35 is much more significant than an increase from 0.45 to 0.55 (see Figure 3) , but a simple differencing method will predict the same magnitude of change for both. The formula used for the change detection was, therefore, Change 5
This produces change images, with every pixel having a value from 21 to 11, where zero indicates no change, positive values positive change (i.e., an increase in woody cover), and negative values negative change (i.e., a decrease in woody cover). The resulting distribution of points was tested for normality using a ShapiroWilk normality test, and then the standard deviation of the distribution was calculated, allowing an assessment of how much of a deviation from zero indicates a significant change in woody cover. The pixels were therefore grouped into classes according to the number of standard deviations each pixel deviated from zero, with ,6 one standard deviation considered no change, .6 one standard deviation considered marginally significant change, and .6 two standard deviations considered significant change at approximately the 95% confidence level. The tight relationship between the in situ measured CAI and ASTER NDVI makes it possible to look at absolute changes in the extent of woody cover over the study area. To do this the relationship between NDVI and projected CAI was applied to the NDVI image in each of the three time points, and the ground area in five cover classes quantified (water bodies, urban areas, and areas not present in the 2006 mosaic were not included).
Results
Sensitivity of NDVI to CAI
NDVI is shown to be strongly correlated with field-measured CAI (m 2 m
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) in this environment (r 2 5 0.87, p , 0.0001, n 5 32; see Figure 3 ). CAI is directly proportional to the density and size of trees per unit area and believed therefore to be a good measure of woody cover. The fitted line is
which can be rearranged to
Sensitivity decreases rapidly above a CAI of 2 m 2 m
, but NDVI is undoubtedly a very good metric for detecting changes in the woodiness of savannas and the position of the forest-savanna boundary, giving confidence that the change detection shown below relates to genuine changes in woody vegetation.
Change detection
Both normalized image differencing analyses produced normal distributions centered on 0, with a positive skew, suggesting, respectively, that the crosscalibration process was effective and that increases in NDVI were observed In contrast, the number of pixels showing significant negative trends is negligible in both comparisons.
Applying Equation (4) to the NDVI images allowed an assessment of how the area covered by each vegetation type has changed over the study period. The results of this are displayed in Figure 6 . While less sensitive than the change detection analysis, because of inaccuracies in the CAI-NDVI relationship and the necessity to categorize the vegetation into distinct classes, this analysis is useful in that it can quantify which cover classes experienced the most rapid change. This showed that the largest changes are occurring in the low CAI classes, with the area of grassland (less than 0. Similar trends were found in the analysis where burnt areas where removed prior to the change analysis (see appendix B). The trends found were approximately half the magnitude of the changes above, as would be expected given the large areas of savanna that were removed; however, this provides evidence that the above results are not an artifact of the thresholding methodology used to enable to inclusion of burnt areas.
High temporal resolution NDVI record
The AVHRR GIMMS NDVI record shows no significant trend in the annual average or the wet-season average from 1982 to 2006. However, there is a very clear increasing trend in the dry-season NDVI (see Figure 7) , showing that the trends found in the high spatial but low temporal resolution dry-season analysis are part of a larger trend.
Rainfall, temperature, and fire frequency
No significant long-term trends were found in the rainfall or temperature data for the study site. Average annual temperature fluctuated from just 22.58 to 23.68C, with no obvious trends and, while annual rainfall was more variable, most of the variation was due to fluctuations in the wettest months, and still no trends were apparent (see Figure 8 ). For the above remote sensing-based change detection to be valid it is essential that precipitation in the months preceding the image capture are identical, otherwise the results could be due to changes in the greenness of the vegetation (especially grasses) not to changes in CAI. A comparison was made of precipitation in the month of image capture, 3 months before image capture, and 6 months before image capture; no differences are apparent between years in the month of image capture or the average of the previous 3 months (see Figure 9) . However, there does appear to have been greater average rainfall in 2006 than in the other 2 years when the 6-month average is compared. This should not interfere with the results as the grass layer should still have been dead in 2006; however, it should be considered when interpreting the results of the second period of change detection. Analysis of the ATSR-2/AATSR data provides some evidence that fire occurrence in the study area decreased over the second half of the study period (from 1996 to the present); unfortunately, there are no suitable data for the first half, as AVHRR data have too coarse a resolution and are not sufficiently sensitive to detect these small-scale fires. Figure 10 displays the result, with linear regression finding a significant negative trend in fire frequency against time (gradient 5 21.08 fires per year, r 2 5 0.57, p , 0.01, n 5 11).
Discussion
Woody encroachment
Woody encroachment is occurring rapidly in the Mbam Djerem National Park, corroborating smaller-scale (40-600 km 2 ) studies showing woody expansion in the forest-savanna ecotones of Africa. This also confirms observations within the study area in November 2007, where forest edges were dominated by young pioneer trees, with dead and dying savanna trees prevalent, which is strong evidence that this constituted young encroaching forests (E. T. A. Mitchard and S. L. Lewis 2007, personal observation; and also the presence of savanna trees in the forest sections of all transects; see appendix A). When looking at the change maps, it is possible to see changes along some gallery forests, suggesting they have increased in width. However, the resolution of the comparisons, 28.5 m, means that even relatively rapid increases in the size of forests are unlikely to be detected by this method: the forest advance rate of 2 m yr 21 found in a nearby region by Happi (Happi 1998 ) would equate to a movement of 28 m (one pixel) in the 1986-2000 comparison, and 12 m (under half a pixel) in the 2000-06 comparison, both of which could be missed because of slight inaccuracies in the georeferencing. The majority of the increases detected are thus an increase in the woodiness of the savannas, rather than an increase in forest area, as can be seen in Figure 6 . We note that, though we are confident the changes we observe genuinely represent an increase in woody cover, the lack of historical field data and local rainfall data prevents us from rejecting the possibility that some or all of these changes are artifacts caused by increases in dry-season rainfall causing greener grasses. We believe the data presented in Figures 7-9 show that this is unlikely to be the case, but without historical field data we cannot be entirely certain, especially for the second period of change detection , where, though the rainfall for the preceding 3 months is similar to that in the other 2 years, the preceding wet season had higher rainfall (though it is possible this could be an artifact of using TRMM data, which appears to produce much more variable results in the wet season than the CRU 2.1 dataset; see Figure 8 ).
While the legal formation of the Mbam Djerem National Park is responsible for some of this gain, slightly over half of the significant positive change in both comparisons occurred outside the park. The likely cause of these changes is hard to determine with confidence, but local people considered the changes due to reductions in human population density, caused by urbanization, resulting in Figure 7 . Trends in AVHRR average NDVI for the study area derived from GIMMS data Tucker et al. 2005) . Red points show the average dry-season NDVI (December-March), green points the average wetseason NDVI (April-November), and blue the annual average NDVI.
decreased burning of the savannas and thus an increase in the number and size of trees (E. T. A. Mitchard and S. L. Lewis 2007, personal communication). They also observe that nomadic cattle herding has moved to other more profitable areas, so burning to produce a flush of grass for cattle is also less widespread. The establishment of the Chad-Cameroon Petroleum Development and Pipeline Project by the World Bank in 2000 may also be an important factor. This project brought the prospect of jobs and consequently caused a shift in the labor force from the mid-1990s (Guyer 2002) . The Mbam Djerem National Park also owes its creation in 2000 to this project, which was initially funded by the World Bank with the aim of offsetting some of the environmental damage caused by the project. There is a low-frequency trend distinguishable in the increase in ), average rainfall in the driest 3 months (December-February, with December taken from the previous year), and average rainfall in the wettest 3 months (July-September). The data shown are CRU 2.1 modeled/measured data and TRMM 3B43 V6 satellite data (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . The study period is also shown in more detail. (Figure 7) , with rapid increases in the 1980s and 2000s, but a stagnation in the 1990s. The increase from 2000 is easy to explain as it coincides both with the creation of the Mbam Djerem National Park and the Chad-Cameroon Pipeline, as discussed above. The change in the 1980s may be concurrent with urbanization and a reduction in cattle herding, though it is harder to explain why this increase disappears in the 1990s without better local demographic data.
dry-season GIMMS NDVI data
Our analysis of the ATSR-2/AATSR World Fire Map data for the study area from 1996 to 2006 goes some way toward confirming the reduction in fire activity in the area, putatively caused by a reduction in human impact. Although this satellite sensor is not able to detect low-intensity fires, which represent the majority of fires in the study area, the data are unbiased and as such general trends are thought likely to correspond to genuine changes in fire frequency in an area (Arino et al. 2005) . The approximate halving in fire frequency over a 10-yr period we see here therefore provides some evidence that a reduction in fire frequency has occurred. Unfortunately, it is impossible to know what the fire frequency was in the mid1980s over this area as the only satellite data available are not sensitive enough to detect the small-scale fires typical of this ecosystem, but we hypothesize that it was considerably higher than present.
There are no reliable population data available at a sufficient resolution to ascertain whether population levels have genuinely fallen in the study area over the time period considered here. Data for the whole of Cameroon show that, while the urban population has risen at an average 4.44% yr 21 from 1986 to 2006, rural population has only increased by only 0.69% yr 21 over the same period (World Bank 2007) . It is therefore possible that the rural population could have fallen in this small area, as local people suggest, especially given that the population density is already very low (excluding the towns of Tibati and Yoko, the Global Rural-Urban Mapping Project estimates the population density of the area to be just two people per square kilometer; CIESIN 2004). Analysis of the rainfall and temperature data suggests that this woody encroachment is not environmentally driven. However, it is possible that part of the increase could be due to slight increases in average rainfall. In particular the years 1992-97 stand out as 6 consecutive years where the average annual rainfall is consistently above the long-term average (Figure 8 ). There is no increase in the average dry-season rainfall during this period, however, where an increase in rainfall would be most likely to influence the survival of woody vegetation both through reduced water stress and a reduction in fire intensity and area (Hély et al. 2006) , and equally this increase in precipitation occurs in a period where no increase in dryseason NDVI is detected in the coarse-resolution GIMMS dataset (Figure 7 ). It has also been suggested that, while rainfall may not have increased, there is evidence of a global reduction in pan evaporation, putatively caused by decreased wind speed and decreased receipt of solar radiation due to increased cloud cover and atmospheric aerosol content (Eamus and Palmer 2007) . Such a reduction would have the same effect as an increase in rainfall, increasing soil moisture, which in combination with the potential reduction in stomatal conductance caused by an increase in the CO 2 concentration (Lloyd and Farquhar 2008) could explain woody encroachment. Though Eamus and Palmer's (Eamus and Palmer 2007) model is more suited to arid and semiarid systems than the more mesic environment studied here, the intense dry season makes this a possible causal factor.
Potential of methodology
The finding that NDVI is very well correlated with CAI in forest-savanna ecotones opens a realm of possibilities for change detection and monitoring of tropical woody vegetation. NDVI can be calculated from numerous sensors at a full range of resolutions and is easily available in products such as the GIMMS AVHRR data, which has global coverage at an 8-km resolution from 1982 to the present. In this study the trend of increasing CAI detected at a high resolution is clearly matched by an increase in NDVI in the dry-season GIMMS dataset. This provides potential for using dry-season coarse-resolution NDVI data to examine changes both at a continental scale [e.g., using AVHRR or Moderate Resolution Imaging Spectroradiometer (MODIS)] to assess large-scale changes in woody vegetation, and at a more localized scale (e.g., using Landsat and ASTER), for example, to monitor the success of avoided deforestation or carbon sequestration forestry projects. However, heterogeneity of climate and soil may introduce difficulties when using this methodology at a larger scale, though these could potentially be overcome with good ground truthing and potentially further reduced by analysis of the annual NDVI cycle made possible by the daily revisits of coarserresolution satellite sensors. It is clear that such data must always be analyzed with reference to a precipitation dataset. A supervised spectral angle mapper classification was applied at each time point, using all available bands, and a training dataset of 25 areas chosen based on local field knowledge. It is impossible to assess the accuracy of these classifications, but they appeared consistent with our field knowledge, with the purple areas known to correspond to burn scars in 5-4-3 composites clearly picked out. The normalized image differencing technique was then applied as before, but with burnt areas as well as water bodies removed, and no thresholding of low NDVI values.
B.2. Results
The results are summarized Table B1 and Figure B1 .
B.3. Discussion
While the areas and percentages increasing in both time points have been reduced by around half by this methodology, that is to be expected, as a large area of savanna has been removed from both comparisons. However, the areas of increase are still very significant ( The increase in percentage significant change per year observed using the original analysis has disappeared here, suggesting that this observed increase may not be significant. However, this is caused by a decrease in burnt area found in the 2006 images as compared to the 2000 image, which results in this technique removing a significant quantity of the positive change that occurred over this time period.
The analysis as presented in the paper is appropriate and robust; however, this analysis is considerably more conservative as it removes all burnt areas, following the methodology of, for example, Nangendo et al. (Nangendo et al. 2005) . It should be viewed as supplementary verification that the observed results are not an artifact of the methodology. Earth Interactions is published jointly by the American Meteorological Society, the American Geophysical Union, and the Association of American Geographers. Permission to use figures, tables, and brief excerpts from this journal in scientific and educational works is hereby granted provided that the source is acknowledged. Any use of material in this journal that is determined to be ''fair use'' under Section 107 or that satisfies the conditions specified in Section 108 of the U.S. Copyright Law (17 USC, as revised by P.IL. 94-553) does not require the publishers' permission. For permission for any other from of copying, contact one of the copublishing societies.
